In the present work, the role of content, size and chemical composition of gel-derived bioactive glass particles from the SiO 2 -CaO-P 2 O 5 system in modulating the in vitro bioactivity, osteoinductive properties and long-term (up to 15 months) degradation behaviour of poly(e-caprolactone)-based composite films was investigated. Bioactivity was assessed in simulated body fluid (SBF) and HEPES-free Dulbecco's modified Eagle medium (DMEM) supplemented with 10% foetal bovine serum (FBS), while hydrolytic degradation tests were performed in phosphate buffer saline. Obtained composite films showed excellent calcium phosphate (CaP) layer forming ability in both SBF and DMEM-10% FBS. However, kinetics of bioactivity process strongly depended on the type of medium used. The layer of amino acids and proteins, derived from cell culture medium, on the surfaces of composites created barrier that inhibited release of the ions on the one hand, while increasing nucleation density of calcium phosphates, affecting the morphology of formed CaP layers on the other. The presence of bioactive glass fillers was shown to impart osteoinductive properties to obtained films, supporting osteoblast attachment and proliferation, as well as stimulating cell differentiation and also matrix mineralization process in vitro. We showed that kinetics of bioactivity process and also osteoinductive properties of composite films could be easily modulated with the use of different contents and chemical compositions of fillers. The results showed that modification of PCL matrix with bioactive glass particles accelerated its degradation. We proved that the degradation rate of composites could be controlled and optimized for bone regeneration, in particular by using bioactive fillers causing different calcium phosphate layer forming ability on the surfaces of composites, depending on particle size and chemical composition. We have presented new opportunities to design and obtain multifunctional composites with tunable degradation and bioactivity kinetics, as well as biological properties that can meet complex requirements of bone tissue engineering.
Introduction
Biomaterials for bone tissue engineering (BTE) applications should degrade progressively at a rate matching the regeneration of new bone in vivo to allow full restoration of native tissue structure and functions [1, 2] . The degradation behaviour of the materials should vary based on target applications, namely material form (e.g. scaffold, barrier membrane) and implantation site. The gradual resorption of three-dimensional porous scaffolds, used for filling bone defects, allows to create space for the new bone tissue growth, while the necessary structural support is provided until full regeneration of the tissue [2] . Porous membranes are mainly used for guided bone regeneration (GBR), as a physical barrier to prevent connective tissue ingrowth into the bone defects and to maintain a suitable space for bone regeneration processes. The controlled degradation rate of the membrane allows to maintain its mechanical integrity and thus spacemaintaining properties over the entire period of bone regeneration on the one hand and to exclude the need for its surgical removal on the other [3, 4] . Furthermore, an increasing trend towards the use of polymer-based scaffolds and membranes as carriers for local drug delivery has been observed in recent years. In that case, polymer degradation rate is the key factor affecting drug release kinetics [5] . Therefore, manufacturing materials with controllable degradation behaviour is essential for bone repair and regeneration and still represents a big challenge in modern BTE.
Relatively high mechanical strength and high cytocompatibility with osteoblasts make poly(e-caprolactone) (PCL) suitable for bone tissue regeneration [6, 7] . However, because of a high degree of crystallinity and hydrophobicity, PCL shows low degradation rate (up to 4 years, depending on the initial molecular weight, crystallinity, implant form, porosity, etc.) [8] , which limit its use in some BTE applications. Degradation rate of PCL can be modified by its copolymerization or blending with others, faster degrading aliphatic polyesters [e.g. poly(L-lactide), poly(DL-lactide)] [1, 5, 9] . Another way of accelerating PCL degradation is modification with hydrophilic ceramic fillers (e.g. nanoHAp, TCP, bioactive glass and calcium silicate particles) [8, 10, 11] that affect surface and bulk properties of the material, such as wettability, water absorption and polymer matrix crystallinity. However, there is limited number of research concerning the influence of the chemical composition of ceramic fillers on degradation behaviour of aliphatic polyesters.
The direct bone bonding ability through the formation of a bone-like hydroxyapatite (HAp) phase on the material surface without an intermediate layer of modified tissue is the main advantage of the so-called bioactive glasses [12] . Moreover, reactions on the material surface could induce the release of critical concentrations of soluble Si, Ca, P and Na ions, which can lead to favourable intracellular and extracellular responses, actively stimulating bone formation [13] . Such bioactive glasses belong to the group of osteoinductive biomaterials. In the group of silicate bioactive glasses, those obtained using sol-gel method exhibit much higher surface area and the presence of siloxane groups (Si-OH) in their structure. Thus, their bioactivity and cellular response are usually enhanced compared to conventional meltderived glasses [14] . Therefore, the combination of PCL matrix with gel-derived bioactive glass fillers creates possibility of not only modulating material degradation rate but also imparting osteoinductive and bioactive properties.
The evaluation of the biomaterial bioactivity usually refers to the identification of the HAp layer on its surface in a living organism (in vivo) or in simulated body environment (in vitro) [12] . The so-called simulated body fluid (SBF) was developed by Kokubo and has been the most widely used solution for in vitro bioactivity tests recently [15] . However, SBF cannot simulate physiological conditions in a living body completely, because it only substitutes inorganic part of blood serum. The three main differences between SBF solution and blood serum can be listed as follows: (1) the absence of organic species, such as proteins, (2) the presence of TRIS (tris-[(hydroxymethyl)aminomethane]) to buffer SBF solution and (3) the absence of carbonate content control in SBF solution, although carbonates act as pH buffer in serum [16] . Therefore, in the literature, attempts to substitute SBF with the commercially available cell culture media, i.e. HEPES-free Dulbecco's modified Eagle medium (DMEM) solution, have been reported [15, 17] . Apart from the inorganic part of blood serum, this solution contains also the organic component (vitamins, amino acids, etc.). Moreover, DMEM can be supplemented with foetal bovine serum (FBS), containing additional organic species, such as proteins, to obtain complete growth medium for certain cell lines. The medium can be carbonate buffered as the test is performed in a 37°C incubator under a humidified atmosphere of 95% air and 5% CO 2 , which better simulates the in vivo environment [15, 17] .
In the present work, the effect of content, size and chemical composition of gel-derived bioactive glass particles from the SiO 2 -CaO-P 2 O 5 system on the in vitro bioactivity, osteoinductive properties and long-term degradation behaviour of PCL-based composite films was investigated. Calcium phosphate layer forming ability was assessed in SBF and DMEM supplemented with 10% FBS. Degradation kinetics of composites was examined by incubation them in phosphate buffer saline (PBS) up to 15 months.
Materials and methods

Materials
Poly(e-caprolactone) (PCL; Mn 80 kDa, Mw/ Mn \ 2; Sigma-Aldrich, USA) and two bioactive glasses (SBGs) of different compositions (S2 and A2) as composite components were used. Bioactive glasses of the following compositions (mol%) S2: 80SiO 2 -16CaO-4P 2 O 5 and A2: 40SiO 2 -54CaO-6P 2 O 5 were produced using the sol-gel method described in our previous work [18] . In order to prepare films, dichloromethane (DCM, POCh, Poland) was used.
Bioactive glass preparation
Tetraethoxysilane (TEOS; Si(OC 2 H 5 ) 4 ), triethylphosphate (TEP; OP(OC 2 H 5 ) 3 ) (Sigma-Aldrich, USA) and calcium nitrate tetrahydrate (Ca(NO 3 ) 2 Á4H 2 O) (POCh, Poland) were used as basic components of the sol-gel process. 1 M HCl solution (POCh, Poland) was used as a catalyst in the hydrolysis and condensation reactions. The molar ratio of TEOS:TEP:Ca(NO 3 ) 2 :-H 2 O:HCl was 1:0.3:1.4:4:0.2 for A2 glass and 1:0.15:0.25:3:0.2 for S2 glass, respectively. The formed gel was gradually dried at temperature, increasing in the range from 40 to 120°C for 7 days and then subjected to thermal treatment at 700°C for 20 h. Two glass particle sizes were obtained: \ 45 lm by grinding and sieving and \ 3 lm by milling in an attritor with ZrO 2 balls in isopropyl alcohol medium. Particle size distributions in powder aqueous suspensions were analysed using laser diffraction method (Mastersizer 2000, Malvern, UK).
Composite film preparation
The PCL-bioactive glass composites were fabricated according to our previous work [19] . The glass particles were mixed with 5 w/v% PCL solutions in DCM, on a magnetic stirrer for 24 h. Afterwards, the suspensions were cast onto glass Petri dishes (diameter 90 mm), which were covered with glass Petri dish lids (diameter 100 mm) and placed in a clean place at room temperature for a slow evaporation. Subsequently, the films were dried under vacuum at ambient temperature to a constant weight. All films were stored at 4°C in a desiccator until further investigation. The volume fraction of bioactive glass particles in composites was 12 and 21 vol%. The reference films (pure PCL) were prepared by casting of PCL solutions in the same way as mentioned above. The surface that had been in contact with glass Petri dish during casting was marked as GS, while the other one was marked as AS.
Material evaluation
In vitro bioactivity test
In vitro bioactivity was evaluated by incubation of materials in simulated body fluid (SBF) prepared according to Kokubo [20] and in HEPES-free Dulbecco's modified Eagle medium (DMEM, SigmaAldrich, USA) supplemented with 10% foetal bovine serum (FBS, HyClone, USA). The samples were immersed in SBF and DMEM-10% FBS and incubated for 1, 3, 7 and 14 days. Incubation in SBF was conducted at 37°C in tightly closed, separate polypropylene containers in the incubator. The materials incubated in DMEM-10% FBS were placed in separate polypropylene containers with gas permeable adhesive seals at 37°C in CO 2 incubator. The sample weight-to-SBF and DMEM-10% FBS volume ratio was 10 -3 g ml -1 . Afterwards, the samples were washed with anhydrous ethanol and air-dried at room temperature to a constant weight. GS surface of each sample was examined with SEM/EDX (Nova NanoSEM 200 FEI Europe Company) and ATR-FTIR (Bruker VERTEX 70 V spectrometer, USA) methods. The samples were covered with a carbon layer before SEM analysis. The ATR-FTIR spectra were registered J Mater Sci (2018) 53:3939-3958 with the use of a platinum single-crystal diamond ATR unit in the 550-4000 cm -1 wavenumber range, and 128 scans were accumulated at 4 cm -1 resolution. Furthermore, the changes in the concentration of calcium, phosphorus and silicon in the SBF and DMEM-10% FBS during film incubation were analysed for each testing time using inductively coupled plasma atomic emission spectrometry (ICP-OES; Plasm 40, PerkinElmer, USA). The test was performed in triplicate and expressed as mean ± standard deviation (SD).
In vitro degradation study
For degradation study, the films in the form of strips (30 9 5 mm, n = 12) were placed in tightly closed polypropylene containers and incubated in phosphate buffer saline (PBS, pH = 7.4) at 37°C for 15 months. The PBS was exchanged once every month. The sample weight-to-PBS volume ratio was 10 -3 g ml -1 . Degradation process was monitored by measuring pH before PBS changing (pH meter, CP-315 Elmetron, Poland). Furthermore, weight changes, surface morphology, chemical composition, degree of crystallinity, melting temperature and tensile properties of the samples were examined after 1, 3, 6, 9, 12 and 15 months of incubation. The percentage of weight loss was calculated using the following equation: %W = (W i -W t )/W i Á100%, where W i is the initial weight of the sample and W t is the weight of the dried sample after given time of the degradation test. Surface morphology and chemical composition were determined using scanning electron microscopy (SEM, Nova NanoSEM 200 FEI Europe Company) coupled with energy dispersion X-ray (EDX) analyser. The samples were covered with a carbon layer. The degree of crystallinity (v c ) and melting temperature (T m ) of PCL were measured with power compensation differential scanning calorimetry (DSC, PerkinElmer DSC-7, USA). The melting temperature was determined at the maximum of the melting endotherm during a single heating run. The degree of crystallinity was estimated using the enthalpy of melting change according to the equation:
m , where DH m and DH 0 m were the enthalpies of melting of the sample and fully crystalline PCL (139.5 J g -1 ) [8] , respectively, and
x was the weight fraction of the bioactive glass particles. All of the samples (average weight 10 mg) were placed in standard aluminium pans. The specimens were scanned from 20 to 100°C with the heating rate of 10°C min -1 , using nitrogen as a purge gas. The results were averaged from the three measurements and were expressed as the mean ± standard deviation (SD). Tensile strength (r M ) and Young's modulus (E t ) were determined using a universal testing machine Inspect Alkaline phosphatase activity Alkaline phosphatase (ALP) activity measurement is based on the hydrolysis reaction of 4-MUP (4-methylumbelliferyl phosphate, the substrate for ALP expressed by differentiated osteoblasts), to highly fluorescent product 4-MU (4-methylumbelliferone). After 7 and 14 days of culture, NHOst cells were disrupted via a cyclic freezing/thawing in order to release intracellular ALP. Cell lysates in triplicates were transferred to OptiPlate-96 microplate (PerkinElmer) and incubated with equal volumes of 4-MUP Liquid Substrate System (Sigma-Aldrich, USA) solution for 1 h. Fluorescence was determined at 360/440 nm (excitation/ emission wavelengths) using POLARstar Omega microplate reader (BMG Labtech, Germany). The results were expressed as mean ± standard deviation (SD) from 8 samples for each experimental group.
ECM mineralization Extracellular matrix (ECM) mineralization in cell culture was assessed using OsteoImage TM Mineralization Assay (Lonza, USA).
Cells were cultured with studied biomaterials for 14, 21 and 28 days; next, the samples were fixed, washed and stained according to the manufacturer's protocol. The assay is based on the specific binding of the fluorescent reagent to the hydroxyapatite portion of nodules deposited by cells. Fluorescence was read at 490/520 nm (excitation/emission wavelengths) using POLARstar Omega microplate reader. The results were expressed as mean ± standard deviation (SD) from 4 samples for each experimental group.
Statistical analysis
The results were analysed using one-way analysis of variance (ANOVA) with Duncan post hoc tests, which were performed with Statistica 10 (StatSoft Ò , USA) software. The results were considered statistically significant when p \ 0.05.
Results
In vitro bioactivity
A2-PCL and S2-PCL composite films containing 12 and 21 vol% glass particles of \ 45 lm size and pure PCL material were examined in terms of in vitro bioactivity by soaking them in SBF and cell culture medium (DMEM supplemented with 10% FBS) for 1, 3, 7 and 14 days. Figure 1 shows SEM images and EDX spectra of A2-PCL and S2-PCL materials before and after incubation in SBF, as well as DMEM-10% FBS for 14 days. PCL film did not reveal any morphological and chemical changes after incubation in SBF, while the surface of that material after exposure to DMEM-10% FBS was enriched with a small amount of calcium (Ca) and phosphorus (P), without significant changes in surface morphology. In turn, the surfaces of A2-PCL and S2-PCL composites after 14-day incubation in both media were covered with the layers rich in Ca and P, what was confirmed by EDX analysis. All of the layers exhibited spherical cauliflower-like morphologies, typical of carbonated hydroxyapatite (HCA) [21] . However, layer morphologies varied between materials incubated in SBF and DMEM-10% FBS-spherical forms developed in cell culture medium were significantly smaller compared to that formed in SBF. In the case of composites containing A2 glass particles, the lack of silicon (Si) derived from BG confirmed that the layers were thick and uniform. Furthermore, on the surface of 21A2 \ 45 lm-PCL composite multilayer deposits can be observed after incubation in both media. In turn, a small amount of Si was still detected on the surfaces of S2-PCL films after immersion in SBF and DMEM-10% FBS, indicating lower thickness/tightness of calcium phosphate (CaP) layers and/or formation of silica-rich layer directly on the surface of composites. Figure 2 shows ATR-FTIR spectra of the obtained materials before and after 14-day incubation in SBF and DMEM-10% FBS. No significant changes indicating the formation of CaP layer on the surface of PCL film after 14-day incubation in both media were found. FTIR spectra of all composites exhibited appearance of new two bands in the range of 560-602 cm -1 and single intensive band at 1020 cm
originated from CaP layer after 14 days of soaking. New bands can be assigned to O-P-O bending mode and P-O stretching mode, respectively. Furthermore, new absorption band corresponding to the carbonate groups CO 3 2-in HCA was found at 873 cm -1 (outof-plane bending mode) [22] . In the case of A2-PCL composite films, the almost complete vanishing of bands characteristic for PCL was observed after incubation, confirming high thickness and uniformity of the formed CaP layer. FTIR spectra of S2-PCL films after incubation in DMEM-10% FBS and SBF exhibited more narrow and sharp distribution of the band at 1020 cm -1 compared to spectra registered for A2-PCL films, indicating probably slightly higher crystallinity of calcium phosphate layer.
The variations in Ca, P and Si concentrations in SBF and DMEM-10% FBS during film incubation are shown in Fig. 3a -c. The kinetics of Ca, P and Si changes depended on content and chemical composition of bioactive glass particles, as well as type of incubation medium. In the case of PCL film, Ca and P concentration in SBF did not change significantly over soaking time, while in culture medium their content decreased gradually. For composite materials, Ca concentration was affected by both its release from the glass structure and its uptake resulting from calcium phosphate layer formation on the material surfaces [23] . The Ca release/consumption profiles were markedly different for SBF and DMEM-10% FBS (Fig. 3a) . Ca content in SBF gradually increased at the day 1 for 12S2 \ 45 lm-PCL and up to day 7 for both A2-PCL composites and 21S2 \ 45 lm-PCL b Figure 1 SEM images and EDX spectra (averaged for the entire analysed surface) of GS surfaces of the films before and after 14-day incubation in SBF and DMEM-10% FBS.
Figure 2 ATR-FTIR spectra of GS surfaces of the films before and after 14-day incubation in SBF and DMEM-10% FBS.
film; after that, the Ca content gradually decreased. It can be observed that the release rate of Ca to SBF from A2-PCL materials was significantly higher compared to films containing S2 BG, which is directly related to higher concentration of CaO in A2 glass structure. Up to day 7, the decrease in Ca concentrations, resulting from ion uptake caused by formation of CaP layer, was compensated by high release rate of Ca from A2 BG. The depletion of Ca between day 7 and 14 resulted from CaP layer formation, what additionally inhibited further Ca release from the materials. These changes correlate with Si concentration profiles, for which Si release was significantly reduced after 7 days of incubation (Fig. 3c) . In turn, Ca content in DMEM-10% FBS increased only at day 1 for A2-PCL composites; however, the changes were significantly lower than in SBF. Furthermore, film containing 21 vol% A2 glass particles released more Ca 2? ions compared to composite with 12 vol% A2 fillers. In the case of PCL and S2-PCL films, Ca concentration gradually decreased from the first day of incubation. The highest depletion of Ca in DMEM-10% FBS for all composites was observed from day 7 to day 14, what can be attributed to CaP layer formation. The decrease in P concentration in SBF and DMEM-10% FBS confirmed CaP layer deposition on the surfaces of composite films (Fig. 3b) . However, the P consumption profiles for both of the incubation media showed different trends. In the case of cell culture medium, the fastest decrease in P concentration can be observed at day 1 and between day 7 and 14, while in SBF the highest reduction was observed from day 1 to 7. It can be observed that the reduction in P content in SBF and DMEM-10% FBS for A2-PCL composites was higher compared to S2-PCL films.
In vitro osteoblast response
Normal human osteoblasts were cultured in direct contact with PCL film, as well as A2-PCL and S2-PCL composites, containing 12 and 21 vol% glass particles of \ 45 lm size. As shown in Fig. 4a , a significant increase in the number of intact adherent cell between 7 and 14 days of culture on all tested materials has been observed. Furthermore, osteoblasts just after 7-day culture were uniformly distributed on the surfaces of all films, spread well and showed a polygonal morphologies (Fig. 4e) . After 7 days, composite films showed similar number of cells; however, the values were significantly lower compared to TCPS and simultaneously higher in comparison with PCL material. After 14 days, number of cells seeded on composites containing A2 glass particles was significantly lower compared to other films and control material (TCPS).
Cytotoxicity of obtained films, estimated based on the measurement of adenylate kinase (AK) released from the damaged cells, is shown in Fig. 4b . Cytotoxicity of all the films decreased over time and did not exceed 11% after 7 days and 7% after 14 days. After both culture periods, no significant differences were found between all obtained materials and TCPS, indicating no cytotoxic effects on osteoblasts.
Alkaline phosphatase (ALP) activity, an early marker of osteoblast differentiation, was measured after 7 and 14 days of culture. The results were presented as ALP activity normalized to cell number (Fig. 4c) . After 7 and 14 days of culture, osteoblasts seeded on composites exhibited significantly higher ALP activity compared to cells in contact with PCL film and TCPS, for which the values were on similar level. Osteoblasts cultured on both of the A2-PCL films showed the highest ALP activity. These early differentiation characteristics can be correlated with the decrease in proliferation rate after 14 days of culture [24] . After 7 days, no statistically significant differences between films containing different content of A2 particles were observed, while after 14 days, the values recorded for 21A2 \ 45 lm-PCL were significantly higher. Materials containing S2 particles showed similar dependency.
For all films and control material (TCPS), extracellular matrix (ECM) mineralization increased with increasing culture time; however, the greatest changes were observed for materials containing 21 vol% glass particles, especially for 21A2 \ 45 lm-PCL film (Fig. 4d) . Osteoblasts cultured on composite materials showed significantly higher level of mineralization compared to cells seeded on PCL film and TCPS. As in the case of ALP activity, cells seeded on both of the A2-PCL films exhibited the highest ECM mineralization. After 14 days, no statistically significant differences between films containing different content of A2 particles were observed, while after 21 and 28 days, the values recorded for 21A2 \ 45 lm-PCL were significantly higher. The same trend was observed for S2-PCL composite films. ECM mineralization process was also confirmed with SEM/EDX analysis (Fig. 4f) . After 28 days of culture, a confluent layer of osteoblasts (confirmed by the presence of sulphur in EDX analysis) covered with mineral deposits rich in calcium and phosphorus was observed on the surface of the 21A2 \ 45 lm-PCL film.
In vitro degradation
A2-PCL and S2-PCL composite films, containing 21 vol% glass particles of \ 45 and \ 3 lm sizes, as well as pure PCL material were subjected to long-term hydrolytic degradation test by incubation in PBS solution for 1, 3, 6, 9, 12 and 15 months. Composites with 21 vol% glass particles were selected for longterm degradation studies because of their excellent in vitro bioactivity and also promising results of in vitro biological studies presented in previous sections. Furthermore, our previous results [25, 26] showed that glass particle size (\ 45 and \ 3 lm) influence osteoblast response in contact with PCLbioactive glass membranes, as well as in vitro bioactivity of membranes and films. Therefore, degradation behaviour of composites with fillers of different sizes is also considered in this work. Figure 5 shows SEM images and EDX spectra of AS and GS surfaces of A2-PCL and S2-PCL materials before and after 6-and 15-month incubation in PBS. The PCL film immersed in PBS showed the surface morphologies similar to those not degraded. The entire surfaces of PCL material were just enriched with sodium (Na) and chloride (Cl) and also covered with several NaCl precipitations. On both AS and GS surfaces of 21A2 \ 3 lm-PCL and 21S2 \ 3 lm-PCL films, the layers rich in Ca and P with small amount of Na and Cl were formed during immersion in PBS. After 6 months, the layers on both materials showed uniform morphology. In the case of 21S2 \ 3 lm-PCL material, no significant changes were observed over incubation time, while the morphology of layers formed on the 21A2 \ 3 lm-PCL film evolved to fine poorly developed spherical forms. In contrast to composites containing glass particles of \ 3 lm size, both surfaces of the materials with bigger fillers (\ 45 lm) showed different behaviour upon immersion in PBS. AS surface of 21A2 \ 45 lm-PCL film after immersion in PBS was covered with porous CaP layer. The morphology did not change over incubation time and indicated its amorphous nature. In turn, on GS surface thick CaP layer with fine spherical aggregates has developed. No significant morphological changes in AS surface of 21S2 \ 45 lm-PCL material were observed up to 15 months. The surface was just enriched with small amount of Na and Cl. In the case of GS surface, CaP layer formation occurred; however, concentration of Ca and P was significantly higher in the regions of films, where glass particles were visible (indicated by arrow). The morphology of formed layer once more suggested its amorphous nature. The lack or small amount of Si derived from BG indicated a large thickness and uniformity of the layers formed on the surfaces of films. The results suggested that the deposition occurred significantly faster and to a greater extent on the surfaces of 21A2-PCL composites compared to 21S2-PCL films.
The changes in PBS pH values during the incubation of materials are shown in Fig. 6a . It can be seen that pH values for PCL and both S2-PCL materials stayed within the physiological range, and varied between 7.3 and 7.4 during the whole incubation period. In the case of A2-PCL composites, the pH values showed a rapid increase in the first month of immersion and reached 8.22 for 21A2 \ 45 lm-PCL film and 8.46 for 21A2 \ 3 lm-PCL. After that time, pH values decreased; however, the reduction was much faster in the case of 21A2 \ 3 lm-PCL composite, for which Ca initial level was regained after 3 months, while for 21A2 \ 45 lm-PCL film pH value returned to physiological range after 6 months.
Degradation process was also monitored by measuring mass loss of the materials during incubation in PBS (Fig. 6b) . PCL film showed an increase in mass during the whole incubation period, what was likely associated with NaCl deposition. After 3 months of incubation, mass increase reached about 5% and stayed on similar level until the end of the test. In the case of both 21A2-PCL composites, mass has also increased during the first month; however, higher increase was noted for films containing glass particles of \ 3 lm size. After 3-month immersion, 21A2 \ 3 lm-PCL film still showed increase in mass, however, significantly lower than after first month. These changes were related to CaP layer formation. From month 6, 21A2 \ 3 lm-PCL composite showed mass reduction (about 5%) that did not change until the end of the incubation. 21A2 \ 45 lm-PCL material began to lose its mass at month 3, and the reduction had proceed gradually up to month 15, reaching values of about 10%. In the case of 21S2-PCL composites, no mass increase was observed. Both 21S2-PCL composites showed significantly greater mass loss in comparison with 21A2-PCL films. The highest mass reduction was observed at month 3 and 6 for both 21S2-PCL composites. Mass reduction of 21S2 \ 3 lm-PCL film was stopped at month 6 and stabilized at the level of about 26% up to 15 month. In turn, 21S2 \ 45 lm-PCL composite exhibited gradual increase in mass loss, reaching values of about 38% at the end of the test.
The changes in the degree of crystallinity (v c ) and the melting temperature (T m ) of obtained films before and after each incubation period, estimated based on the DSC analysis, are shown in Fig. 7a-c . As have been shown in our previous works [19, 26] , the presence of bioactive glass particles in polymer matrix reduces its crystallinity and melting temperature. Significantly higher reduction was found for composites containing glass particles of\ 45 lm size. The decrease in v c and T m indicates hindering effect of glass fillers on crystallization process of PCL, caused by the limitation of polymer chain mobility and therefore the reduction in ability to rearrange into well-ordered regions. For all of the materials, the degree of crystallinity and melting temperature of PCL matrix increased with incubation time in PBS. In the case of semicrystalline polymers, such as PCL, the hydrolysis occurs preferentially in amorphous regions, inducing removal of shorter polymer chains. Therefore, an increase in the crystallinity fraction of polymer over degradation time was expected. Moreover, increase in T m during incubation can also indicate recrystallization process of PCL and a formation of larger polymer crystallite structure [27, 28] . The hydrolysis of polymer chains increases possibility of recrystallization by reducing their length and increasing mobility. Furthermore, because of low glass transition temperature of PCL (-60°C) mobility of non-degraded chains at 37°C during incubation in aqueous media could be enhanced and solvent-induced crystallization might have occurred [8, [28] [29] [30] . Although the crystallinity of PCL film increased, the mass loss was not observed, indicating bulk degradation kinetics. This is in good agreement with results obtained by Lam et al. [8] . In the case of composites, no further changes or even decrease in T m after 15 months was observed, suggesting that hydrolysis extended to crystalline regions of PCL [28] . As shown in Fig. 7b , composites containing glass particles of \ 45 lm size exhibited higher increase in polymer matrix crystallinity during incubation compared to films with smaller particles (\ 3 lm). When considering chemical composition of glass, greater increase in v c was observed for S2-PCL materials. The biggest changes in matrix crystallinity were noted in the first three months for 21A2 \ 3 lm-PCL, 21A2 \ 45 lm-PCL and 21S2 \ 3 lm-PCL films, as well as first six months for 21S2 \ 45 lm-PCL composite.
The changes in the tensile strength (r M ) and the Young's modulus (E t ) of obtained films before and after each incubation period are shown in Fig. 8a, b . According to results obtained previously [26] , the addition of glass particles of \ 45 lm size into polymer matrix resulted in significant reduction in r M , while smaller particles (\ 3 lm) did not change the tensile strength of the films significantly. Composites containing glass particles of both sizes showed significantly higher Young's modulus compared to PCL films; however, the smaller fillers (\ 3 lm) increased E t more effectively than particles of\ 45 lm size. The tensile strength of all films decreased gradually with increasing degradation time; however, the highest reduction was noted in the first month of incubation. Composite materials showed significantly greater decrease in r M than PCL film. Young's modulus of PCL film increased gradually during incubation, while all composite films showed reduction in E t . Increase in stiffness of PCL film can be attributed to an increase in degree of crystallinity [30, 31] . In the case of A2-PCL composites, the biggest changes in E t were noted in the first 3 months, and then, the values stayed on similar level until the end of the test. In contrast, the highest reduction in Young's modulus of S2-PCL films was observed in the first month, after which the values have been still decreasing, however, more gradually. Composites containing S2 glass particles exhibited higher reduction in tensile strength, as well as in Young's modulus during incubation compared to A2-PCL materials, while particle size seemed to have no significant influence on mechanical parameters during incubation in PBS.
Discussion
Materials for bone tissue engineering should possess controllable degradation kinetics and also the ability to support and actively promote bone repair and regeneration, depending on target application. In present work, we have proved that long-term degradation behaviour, bone bonding ability and also osteoinductive properties of poly(e-caprolactone)-based composites could be controlled and optimized by using gel-derived bioactive glass fillers with different contents, sizes and chemical compositions. 
In vitro bioactivity
The differences in ion release/consumption profiles and also morphologies of formed layers between SBF and DMEM-10% FBS suggest differences in the conditions of the layer formation between these two media which can be explained by the presence of proteins and amino acids in DMEM, supplemented additionally with 10% FBS, in contrast to SBF containing only inorganic components. The adsorption of proteins from body fluids and cell culture medium onto the material surface occurs as one of the first events when the biomaterial is implanted into the body or soaked in the medium [32] . On the one hand, it was previously demonstrated that the in vitro calcium phosphate layer forming ability of bioactive ceramics coated with proteins was reduced [33] . The layer of organic matter on the surface of bioactive material creates a barrier that inhibits dissolution and exchange of the ions-the first and crucial step of the bioactive process, which can be confirmed by significant reduction in Si release (Fig. 3c) and also immediate decrease in Ca concentration (Fig. 3a) in DMEM-10% FBS compared to SBF. What is more, nucleation of calcium phosphates can be inhibited by the Ca-chelating properties of the biological compounds present in cell culture medium, which cause a decrease in the supersaturation state of the solution [34] . On the other hand, proteins and amino acids adsorbed on material surface may represent effective binding sites for Ca 2? and PO 4 3-ions. Ion binding capacity depends on acidity/basicity and electric charge of proteins and amino acids, which are govern by properties of biomaterial surface (chemical composition, wettability, zeta potential and topography), properties of adsorbed organic molecules (type, size, charge and conformation), as well as solution pH (affecting by dissolution behaviour of the material) [35] . Therefore, heterogeneous nucleation may be enhanced by the adsorbed organic molecules, which can create necessary crystal nucleation sites on the surface [34] . An uniform layer of proteins and amino acids on the surfaces of composite films incubated in DMEM-10% FBS probably led to higher nucleation density of calcium phosphates and therefore development of significantly smaller crystallites compared to incubation in SBF (Fig. 1) . Furthermore, the differences in kinetics of P consumption between DMEM-10% FBS and SBF at the first day of incubation can indicate different mechanisms of CaP nucleation between these two media (Fig. 3b) . It seems that in DMEM-10% FBS, Ca 2? and PO 4 3-ions were adsorbed simultaneously on the surface of composites covered with proteins, while in SBF the first stage of nucleation was accumulation of Ca 2? ions which then attracted phosphate groups. In that case, CaP nucleation probably occurred on the surface of glass particles present on the GS surface of composites in accordance with mechanism of bioactivity proposed by Kokubo and Hench [36] . It was previously shown that the layers of proteins and amino acids on the surfaces of graphene oxide and polymers (PS, PMMA) induced the nucleation of hydroxyapatite in SBF and 1.5SBF [37, 38] , which can explain the enrichment of pure PCL film surface with Ca and P ( Fig. 1) with an accompanying decrease in Ca and P concentration in DMEM-10% FBS (Fig. 3a,  b) . The results clearly show the differences in kinetics of calcium phosphate layer formation on the surfaces of composite films depending on the content (12 and 21 vol%) and the chemical composition (A2 and S2) of bioactive glasses. Dependence between in vitro bioactivity and the content of bioactive glass particles in polymer matrix of composite scaffolds was previously reported [39, 40] . In our previous works, we have shown that calcium phosphate layer forming ability depends on chemical composition of bioactive glasses [41, 42] and also on their particle size [25, 26] . Our previous results showed that the increasing content of CaO in SiO 2 -CaO-P 2 O 5 gel-derived glasses results in higher Ca dissolution from glass structure [43] . Therefore, dissolution of Ca 2? ions from A2-PCL composites was more effective than from S2-PCL films, leading to faster supersaturation of SBF and DMEM-10% FBS and therefore faster nucleation and crystallization of calcium phosphate layer. In summary, our current and past research proved that the use of different content, chemical composition and particle size of bioactive glass fillers is a simple way to modulate bioactivity of polymer-based composites.
In vitro osteoblast response
Obtained results indicate that poly(e-caprolactone)/ bioactive glass composites stimulate osteoblast proliferation, differentiation and also matrix mineralization. Furthermore, it seems that osteoblast response depends on both chemical composition of glass particles and their content in polymer matrix. These differences can be explained by different kinetics of Ca and Si release form composite films to culture medium, as was revealed in ICP-OES analysis of DMEM (Fig. 3) . Several in vitro studies showed that the osteoblast response was significantly improved upon addition of bioactive glass fillers, including particles and fibres, into polymer matrix [44, 45] . Kim et al. [44] exhibited that collagen synthesis, ALP activity and mineralization of the murinederived osteoblast (MC3T3-E1) cultured on poly(D,Llactic acid)/bioactive glass nanocomposites increased with increasing content of nanofibre glass in polymer matrix. Furthermore, it was shown that the ionic products of bioactive glasses stimulate the expression of genes of osteoblastic cells, which in turn modulates osteogenesis and promote bone formation [13] . Yao et al. [46] noted that the dissolution products from poly(lactic-co-glycolic)/bioactive glass composite scaffold stimulated osteogenesis of rat marrow stromal cells, as was confirmed by increased mRNA expression of osteoblastic markers such as osteocalcin, alkaline phosphatase and bone sialoprotein. In another work [47] , human primary osteoblast-like cells cultured in contact with melt-derived 45S5, as well as gel-derived 58S and 77S bioactive glasses revealed different behaviour, including ALP activity, as well as collagen type I expression and synthesis. The authors pointed out that the 45S5 glass significantly increased collagen secretion and ALP activity, compared to the other two gel-derived bioactive glasses, which can be related to alkalization of the culture medium. It was previously shown that an increase in pH induced by calcium release from glass structure has a significant effect on the expression of collagen type I, the crosslinking of the collagen chains and the subsequent precipitation of hydroxyapatite, as well as cellular metabolism and genes important for osteoblastic functions [47, 48] . Therefore, the highest ALP activity and ECM mineralization of the osteoblasts cultured on A2-PCL composites (Fig. 4c,  d ) can be correlated with an increase in Ca 2? concentration and also cell culture alkalization, confirmed in bioactivity (Fig. 3a) and degradation (Fig. 6a) tests. What is more, our previous results demonstrated that the addition of A2 and S2 bioactive glass particles into PCL matrix improved nanoand microroughness and also enhanced the hydrophilicity of composite GS surfaces [19] , which can also affect osteoblast response. It was shown that osteoblast behaviour is greatly influenced by surface properties, including hydrophilicity, roughness, texture and morphology [49] .
In vitro degradation
In the literature, ceramic fillers, including bioactive glass particles, affected degradation behaviour of aliphatic polyesters in two ways, depending on polymer crystallinity, and thus its degradation rate. In the case of amorphous, fast degrading polymers, such as poly(DL-lactide) (PDLLA) and poly(lactideco-glycolide) (PLGA), degradation with random chain scission by ester hydrolysis in a process autocatalysed by the generation of carboxylic acid end groups occurs. The dissolution of alkaline ions (e.g. Ca 2? , Na ? ) from the bioactive glass structure can delay degradation of polymer matrix by neutralizing the released acidic by-products and thus prevent autocatalytic action [9, 50] . On the other hand, modification of semicrystalline polymers (e.g. PCL) with hydrophilic ceramic fillers, such as nano-HAp [10] , TCP [8] , bioactive glass and calcium silicate particles [11] , improved surface wettability, enhanced water absorption and diffusion into the bulk of polymer matrix, and also increased the surface area of a hydrolytic attack through the interface of the fillers and polymer. This, in turn, led to faster polymer degradation. Furthermore, the presence of ceramic filler in polymer matrix resulted in reduction in its initial degree of crystallinity, making them more susceptible for degradation [8] . The results obtained here agreed with these findings and clearly showed that the modification of PCL with bioactive glass particles accelerates its degradation. Furthermore, we proved that long-term degradation behaviour of PCL was significantly modified depending on particle size and chemical composition of bioactive glass fillers. It was previously shown that the smaller particles of bioactive glass, incorporated into poly(e-caprolactone-co-DL-lactide) matrix, significantly enhanced the water absorption compared to larger particles, resulting in faster loss of polymer molecular weight [9] . In the literature, there are several works indicating that the chemical composition of resorbable phosphate glasses significantly affects degradation of PCL matrix [31, 51] . Phosphate glass fillers, depending on formulation, dissolve in different rate, creating voids and channels within the polymer matrix, affecting water absorption, and therefore polymer degradation. However, there are limited research works reporting the effect of chemical composition of slow degrading silicate bioactive glasses on degradation behaviour of polymer matrix.
In contrast to the findings discussed above, higher mass loss (Fig. 6b) and increase in polymer matrix crystallinity (Fig. 7b) , during incubation in PBS, suggested that degradation of composites with larger-sized glass particles (\ 45 lm) proceed faster compared to films with smaller ones (\ 3 lm). In turn, higher reduction in mass (Fig. 6b) , tensile strength (Fig. 8a ) and Young's modulus (Fig. 8b) , as well as increase in degree of crystallinity (Fig. 7b) , during incubation in PBS indicated higher degradation rate of the composites containing S2 bioactive glass particles compared to A2-PCL films. Our findings would appear to suggest that the degradation of PCL-bioactive glass composites was governed mainly by calcium phosphate layer forming ability on their surfaces. CaP layer, formed on surface of composites upon immersion in PBS, seems to play a moderating role in composite degradation, protecting polymer matrix against direct exposition to aqueous environment. The greatest reduction in mass and mechanical parameters, as well as the highest increase in degree of crystallinity at the beginning of incubation in PBS, when the CaP layer has already been forming, would appear to confirm this conception.
In contrast to SBF, phosphate buffer solution does not contain Ca 2? ions and, however, is rich in PO 4 3-species. Therefore, abilities of both PCL-A2 and PCL-S2 composites to form calcium phosphate layer in PBS confirm that both glasses are a sufficiently rich source of calcium ions for obtaining supersaturation of PBS and calcium phosphate layer formation, however, in different rates. Mass increase in the first months of incubation (Fig. 6b) as well as SEM and EDX (Fig. 5 ) results indicated that the deposition of CaP layer occurred significantly faster and to a greater extent on the surfaces of 21A2-PCL composites compared to 21S2-PCL films. These findings were confirmed by rapid increase in pH in the first month of incubation in PBS (Fig. 6a ) associated with the high release rate of Ca 2? from A2-PCL films, what also correlate with the results obtained from the ICP-OES analysis of SBF (Fig. 3a) . Our previous results, obtained during 14-month incubation of 21A2 \ 45 lm-PCL and 21S2 \ 45 lm-PCL composite films in UHQ water, showed that their mass loss practically did not depend on the chemical composition of glass modifiers [19] . As was expected, composites did not form a calcium phosphate layer upon immersion in UHQ water. These results would appear to support the conception that the kinetics of CaP layer deposition is one of the most important factors that affect the rate of composite degradation in PBS. This also suggests that the use of media for in vitro degradation tests, partially mimicking biological environment (e.g. content of inorganic species, pH, buffering capacity), such as PBS, SBF, allows us to explore additional aspects of degradation process and to better predict in vivo degradation behaviour of bioactive materials for tissue engineering. On the other hand, the changes in crystallinity of 21A2 \ 45 lm-PCL and 21S2 \ 45 lm-PCL composites incubated in UHQ water [19] showed the similar trend to those obtained for materials immersed in PBS. This, in turn, suggests that chemical composition of bioactive glass particles affected degradation of PCL matrix not only by changing the abilities of composites to form calcium phosphate layer on their surfaces. When considering glass particle size, faster CaP layer formation in PBS occurred for composites containing particles of\ 3 lm size. Higher mass increase (Fig. 6b ) persisting up to 3 months of incubation confirmed these observations. What is more, AS surface of 21S2 \ 45 lm-PCL film showed no significant morphological changes. In the case of 21A2 \ 3 lm-PCL material, the greater pH changes of PBS confirmed higher dissolution rate of Ca 2? from glass structure, favouring supersaturation of PBS and calcium phosphate layer formation (Fig. 6a) . Furthermore, a much faster decrease in pH value confirmed faster deposition of CaP layer on the surfaces of this film, inhibiting further release of calcium ions to fresh PBS (solution was changed every month). This behaviour was a consequence of the uniform distribution of fillers in PCL matrix and thus their high exposure on both composite surfaces, in contrast to particles of\ 45 lm size, which sedimented near GS surfaces during film preparation process (Fig. 5) . These findings are consistent with results obtained in our previous works [25, 26] , as well as those of other authors [52, 53] . Moreover, it was shown that the larger surface area of smaller glass particles provides more effective ion release, enhancing the ability of HAp layer formation on the composite surfaces [22] .
Conclusions
In present work, the short-term and long-term behaviour of poly(e-caprolactone)/bioactive glass composites during incubation in biologically related fluids, namely SBF, DMEM-10% FBS (up to 14 days) and PBS (up to 15 months), was investigated. Furthermore, normal human osteoblast response was also studied. Obtained composite films showed excellent in vitro bioactivity, as evidenced by the formation of calcium phosphate layer on their surfaces upon immersion in SBF and DMEM-10% FBS. However, kinetics of bioactivity process strongly depended on the type of the medium used. The layer of amino acids and proteins, derived from cell culture medium, on the surfaces of composites created barrier that inhibited release of the ions on the one hand, while increasing nucleation density of calcium phosphates, affecting the morphology of formed CaP layers on the other. The presence of bioactive glass fillers was shown to impart osteoinductive properties to obtained films, supporting osteoblast attachment and proliferation, as well as stimulating cell differentiation and also matrix mineralization process in vitro. We showed that kinetics of bioactivity process and also osteoinductive properties of composite films could be easily modulated with the use of different contents and chemical compositions of fillers.
The results showed that modification of PCL matrix with bioactive glass particles accelerated its degradation. We proved that the degradation rate of composites could be controlled and optimized for bone regeneration, in particular by using bioactive fillers causing different calcium phosphate layer forming ability on the surfaces of composites, depending on particle size and chemical composition.
We have presented new opportunities to design and obtain multifunctional composites with tunable degradation and bioactivity kinetics, as well as biological properties that can meet complex requirements of bone tissue engineering.
